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Abstract

Background: Premature ovarian insufficiency (POI) is a heterogeneous clinical
syndrome defined by a premature loss of ovarian function that associates men-
strual disturbances and hypergonatropic hypogonadism. POI is a major cause of
female infertility affecting 1% of women before the age of 40 and up to 0.01% be-
fore the age of 20. The etiology of POI may be iatrogenic, auto-immune or genetic
but remains however undetermined in a large majority of cases. An underlying
genetic etiology has to be searched in idiopathic cases, particularly in the context
of a family history of POI.

Methods: Whole exome sequencing (WES) was performed in trio in a Belgian
patient presenting POI and in her two parents. The patient presented delayed
puberty and primary amenorrhea with hypergonadotropic hypogonadism.
Results: WES identified two novel compound heterozygous truncating mu-
tations in the Newborn oogenesis homeobox (NOBOX) gene, c.826C>T
(p.(Arg276Ter)) and c.1421del (p.(Gly474AlafsTer76)). Both mutations were
confirmed by Sanger sequencing in the proband's sister who presented the
same phenotype. Both variants were pathogenic and very likely responsible for
the severe POI in this family.

Conclusion: We report here for the first time compound heterozygous truncat-
ing mutations of NOBOX in outbred patients, generalizing biallelic NOBOX null
mutations as a cause of severe POI with primary amenorrhea. In addition, our
findings also suggest that NOBOX haploinsufficiency is tolerated.
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1 | INTRODUCTION

Premature ovarian insufficiency (POI) encompasses a
broad spectrum of conditions associated with a highly
heterogeneous clinical presentation ranging from ovarian
dysgenesis with delayed puberty and primary amenor-
rhea to secondary amenorrhea. According to the ESHRE
guidelines, the diagnosis of POI is based on the presence
of amenorrhea or oligopamenorrhea before the age of 40
for at least 4 months, associated to hypergonadotropic
hypogonadism with FSH levels above 25 IU/L on two oc-
casions more than 4 weeks apart (Webber et al., 2016).
POI affects ~1% of women before the age of 40 and up to
0.01% before the age of 20 (Webber et al., 2016). The eti-
ology of POI may be iatrogenic, auto-immune or genetic.
More recently, environmental pollutants and infectious
agents have also been incriminated in POI development
(Dutta et al., 2017; Nilsson et al., 2018; Vabre et al., 2017).
Established genetic causes of POI include chromosomal
abnormalities, mainly X chromosome numerical and/
or structural defects, FMR1 (OMIM number: *309550)
premutations and much rarer gene mutations involved
in follicular development, folliculogenesis and ovarian
aging (Ebrahimi & Akbari, 2015; Huhtaniemi et al.,
2018; Pelosi et al., 2015; Qin et al., 2015; Tucker et al.,
2016). A family history of POI and/or early menopause
is reported in up to 31% of POI cases suggesting a sig-
nificant underlying genetic component (Jiao et al., 2018;
Vegetti et al., 1998). However, the etiology remains un-
determined in a large majority of cases (Jiao et al., 2018).
Identifying the genetic factors implicated in the physio-
pathology of POI is of utmost importance to gain more
insight in the molecular mechanisms responsible for the
development of the syndrome. It can also contribute to
improve genetic and reproductive counselling in patients
and their relatives who, if diagnosed at risk through a
genetic screening, can be offered fertility preservation
before the exhaustion of their ovarian reserve. POI clin-
ical presentations are very heterogeneous, even within a
family suggesting a variable expressivity which could be
related to other genes or epigenetic factors modulating
the age of POI onset and/or the severity of clinical pre-
sentation (Bouilly et al., 2016; Hyon et al., 2016). Several
genomic approaches have been used in the last decades

to identify genetic factors implicated in POI, including
candidate gene approaches, linkage studies in multiplex
families, whole genome association studies (GWAS), cy-
togenomic studies and more recently next generation
sequencing (NGS) techniques which turned out to be
powerful tools and contributed to the large expansion
of causal or candidate gene variants in affected patients
(Alvaro Mercadal et al., 2015; Jolly et al., 2019; Laissue,
2018; Qin et al., 2015; Sassi et al., 2020; Tiotiu et al., 2010;
Tucker et al., 2018, 2019). These genes have been shown
to be implicated directly or indirectly in gonadal and fol-
licular development through very different mechanisms
including mitochondrial and immune function, metab-
olism, apoptosis, DNA replication and repair, mRNA
processing, cell cycle progression, meiosis and hormonal
signaling (Huhtaniemi et al., 2018; Tucker et al., 2016).

In this study, we used whole exome sequencing
(WES) to identify a genetic etiology of POI in two sis-
ters from an outbred Belgian family presenting delayed
puberty and primary amenorrhea (PA) with hypergo-
nadotropic hypogonadism. We identified two novel,
compound heterozygous, truncating mutations in the
NOBOX gene (OMIM number: *610934). Both variants
were pathogenic and very likely responsible for the se-
vere POI phenotype.

2 | MATERIALS AND METHODS

2.1 | Patients

The proband presented at our fertility clinic for oocyte
donation at the age of 35. She had been diagnosed with
idiopathic POI at the age of 17 as she showed no pubertal
development and PA. FSH and estradiol levels were re-
spectively of 106 IU/L and <12 ng/L. At the time of diag-
nosis, she underwent a laparoscopic investigation which
showed a small uterus and streak ovaries. Her puberty
was induced with hormone replacement therapy. The pa-
tient did not present any dysmorphic features, her height
was 163 cm with a BMI of 19 kg/m2. Standard karyotype
and array CGH were normal. Her parents were Belgian
and non-consanguineous. Her mother was menopaused
at the age of 51 and the older sister presented the same
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POI phenotype with PA and induced puberty. No other
history of POI was reported in the family. However two
paternal grandparent's sisters as well as a maternal aunt
were unable to conceive without any reported underlying
cause of infertility.

2.2 | DNA extraction

Genomic DNA was extracted from peripheral blood
leukocytes using Promega Maxwell 16 Blood DNA
Purification Kit AS1010 for WES and Promega Maxwell
RSC Whole Blood DNA Kit AS1520 for Sanger sequenc-
ing. Two mcg of DNA at a concentration >30 ng/ul was
needed for WES.

2.3 | Whole exome sequencing

WES was performed in trio (the proband and her parents)
in a paired-end 125 bp run on a HiSeq2000 Illumina se-
quencer at the Brussels Interuniversity Genomics High
Throughput core (BRIGHTcore; http://www.ngs.brigh
tcore.brussels/). Exome capture was performed using
Roche SeqCap EZ Human Exome Library v3.0 (64 Mb).
Reads (FASTQ files) were aligned to the human reference
genome GRCh37/hgl9 using BWA algorithm version
0.7.10. Duplicated reads were then marked using Picard
version 1.97. Alignment quality was improved using the
GATK realigner and base recalibrator version 3.3. Variant
calling was performed using GATK Haplotype Caller
version 3.3. Variants’ annotation and filtering were per-
formed using the Highlander software (http://sites.uclou
vain.be/highlander/). Variants were filtered for the fol-
lowing criteria:

1. Quality criteria: pass GATK (Cibulskis et al., 2011)
standard filter and read depth >10.

2. Allelic frequency, based on the maximum minor al-
lele frequency found in 1000G (http://browser.1000g
enomes.org), Genome Aggregation database (gnomAD;
http://gnomad.broadinstitute.org/) and our NGS in-
house database including more than 6125 individuals.

3. Functional impact: nonsynonymous or splice junction
effect, using snpeff_effect from SnpEff (Cingolani et al.,
2012).

4. Zygosity: compound heterozygous or homozygous
variants.

Variant classification was based on the American
College of Medical Genetics and Genomics (ACMG)
variant interpretation guidelines of 2015 (Richards
et al., 2015).
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In order to exclude variants of other genes implicated
in POI, we further performed analysis of a panel of 30
other POI causal and/or candidate genes in the proband.
The complete list of the genes included in this panel has
been described previously (Sassi et al., 2020).

2.4 | Sanger sequencing

Sanger sequencing was performed for the validation
of NGS results in the affected sister and their parents.
DNA was amplified using a standard Polymerase Chain
Reaction (PCR). PCR products were purified with BigDye
XTerminator™ Purification Kit (Applied Biosystems,
Thermo Fischer Scientific), and analyzed on a 3130XL
Genetic Analyser (Applied Biosystem). The Genbank ref-
erence sequence and version number of the sequenced
gene (NOBOX) are respectively NM_001080413 and
NM_001080413.3.

2.5 | Database submission

Identified variants have been submitted to LOVD data-
base and following URL have been attributed: https://

databases.lovd.nl/shared/variants/0000708291;  https://
databases.lovd.nl/shared/variants/0000708292

3 | RESULTS

WES identified two novel heterozygous NOBOX
truncating mutations in the proband: c.1421del

(p.(Gly474AlafsTer76)) inherited from the mother and
c.826C>T (p.(Arg276Ter)) inherited from the father.
Sanger sequencing confirmed that the sister also car-
ried both mutations in a compound heterozygous state
(Figure 1). The c.1421del was located in exon 8 and was
predicted to induce a frameshift and a premature codon
stop at amino acid residue 549. The ¢.826C>T was lo-
cated in exon 4 and induced a premature stop codon
predicting a truncated protein devoided of the large
part of its homeodomain. These two variants have been
reported neither in external nor in our in-house NGS
databases. Based on the American College of Medical
Genetics and Genomics (ACMG) variant interpretation
guidelines 2015 (Richards et al., 2015), both variants
were classified as pathogenic (c.826C>T(PVS1, PM2,
PP3), c.1421del (PVS1, PM2, PM3)). Therefore they are
very likely responsible for the severe POI phenotype in
the two sisters. No other relevant variants were iden-
tified after variants filtering in the WES, nor in the 30
other genes included in the POI gene panel.
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FIGURE 1 Family segregation of NOBOX mutations. (a)
Pedigree of the patient’s family. Crossed circles refer to women
who never conceived. (b) WES performed in the proband and her
two parents identified 2 novel compound heterozygous NOBOX
truncating mutations in the patient: ¢.826C>T (p.(Arg276Ter))
inherited from the father and c.1421delG (p.(Gly474AlafsTer76))
inherited from the mother. Both parents were heterozygous
carriers of one mutation. The Genbank reference sequence and
version number of the sequenced gene (NOBOX) are respectively
NM_001080413 and NM_001080413.3. (c) Sanger sequencing in
proband's affected sister showing the presence of both mutations

4 | DISCUSSION

We report here two novel truncating mutations in the
NOBOX gene in two sisters presenting pubertal delay
and primary amenorrhea with hypergonadotropic

hypogonadism. Both sisters were compound heterozygotes
and had inherited a mutated allele from each parent.

NOBOX gene contains 10 exons encoding for an ovar-
ian specific transcription factor expressed in primordial
germ cells, oocytes and granulosa cells which plays a key
role in the process of folliculogenesis (Bouilly et al., 2014;
Lim et al., 2019; Rajkovic et al., 2004). Nobox knockout fe-
male mice are sterile due to a severe alteration of the germ
cell cyst breakdown resulting in a drastic impairment of
the primordial follicles formation and subsequent follicu-
lar transition from primordial to primary follicles with an
early postnatal loss of all oocytes (Lechowska et al., 2011;
Rajkovic et al., 2004). In Nobox+'~ mice, the process of oo-
cyte separation leading to the breakdown of the cysts and
the formation of primordial follicles does not differ from
the events occurring in wild-type mice (Lechowska et al.,
2011).

The NOBOX protein contains a homeodomain able to
directly regulate the expression of a series of genes play-
ing key roles in the process of folliculogenesis such as
GDF9 (OMIM number: *601918), BMP15 (OMIM num-
ber: *300247), POU5F1 (OMIM number: ¥*164177), KITLG
(OMIM number: *184745), FOXL2 (OMIM number:
*605597) and more recently shown, RSPO2 (OMIM num-
ber: *610575; Bouilly et al., 2014; Choi & Rajkovic, 2016;
Lim & Choi, 2012; Qin et al., 2007; Rajkovic et al., 2004).
The central role of NOBOX in the process of folliculogene-
sis together with the phenotype of ovarian insufficiency in
mice disrupted for NOBOX made it a key candidate gene
in women with non-syndromic POI. NOBOX variants
have been consistently identified at the heterozygous state
in cohorts of Caucasian and African POI patients, with
a prevalence reaching 6.5% (Bouali et al., 2016; Bouilly
et al., 2011, 2017; Ferrari et al., 2016). Fifteen NOBOX
variants have been identified so far in POI patients, the
large majority of them at the heterozygous state (Table
1). Two heterozygous large chromosomal deletions con-
taining several genes including NOBOX and CNTNAP2
(OMIM number: *604569) were associated with PA and
autism spectrum disorders (Bouali et al., 2016; Rossi et al.,
2008) and it was suggested that haploinsufficiency of both
these genes was sufficient for autism development and oc-
currence of primary amenorrhea (Bouali et al., 2016). In
sporadic POI, until recently, the potential implication of
heterozygous NOBOX variants was suggested to be related
to NOBOX haploinsufficiency (Bouilly et al., 2017). More
recently, functional studies of NOBOX variants identified
in POI patients supported a dominant negative effect of
mutated proteins at the heterozygous state (Bouilly et al.,
2011). In fact, NOBOX gene mutations showed a defective
transcriptional activity, an impairment of nuclear local-
ization of the mutated protein, an intracellular aggrega-
tion suggestive of protein instability and a subsequent cell
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toxicity as well as a potential partial sequestration of wild
type protein (Bouilly et al., 2011). This last mechanism is
more consistent with mice models as no defect on primor-
dial follicle formation has been observed in Nobox+/—
mice (Lechowska et al., 2011).

We produce the first report of biallelic, compound het-
erozygous, truncating mutations of NOBOX in two outbred
European sisters. Based on the ACGM guidelines, both
mutations are pathogenic (Richards et al., 2015) and hence
very likely to cause the ovarian phenotype. In silico data pre-
dicted that both mutations would induce truncated proteins.
However, in the absence of RNA studies, we cannot exclude
that both variants could be associated with a lack of protein
as they were not located in the final exon of the gene. Both
affected sisters presented a non-iatrogenic POI with a nor-
mal karyotype and a severe phenotype consisting of an ab-
sence of pubertal development at 17 years with PA.

Prior to our study, variants of NOBOX were reported
at the homozygous state in four studies and much more
frequently at the heterozygous state in several cohorts of
POI patients (Table 1). Two homozygous mutations in the
NOBOX gene were previously associated with PA (Li et al.,
2017; Sehested et al., 2010). The homozygous c.1489del
variant was identified in two Brazilian sisters with pu-
bertal delay and PA in a consanguineous family (Li et al.,
2017) while the homozygous truncating variant c.567del
was identified in a Han Chinese patient (Sehested et al.,
2010). Functional studies of this latter variant showed that
the truncated NOBOX was associated with a decreased
transactivation of a reporter gene and with the loss of
NOBOX ability to induce G2/M arrest in transfected cell
lines, suggesting an important role for NOBOX in cell-
cycle regulation (Sehested et al., 2010). This observation
supported the involvement of NOBOX in the regulation
of germinal vesicle (GV) stage arrest in meiotic oocytes
which extends from fetal life until adulthood (Sehested
et al., 2010). Notwithstanding, one homozygous variant in
NOBOX (c.349C>T) was identified in a patient with sec-
ondary amenorrhea but no additional clinical details were
provided about this patient (Ferrari et al., 2016). More re-
cently, a fourth homozygous mutation has been reported
in NOBOX (c.1078C>T) in a patient with POI although
it was not specified if she suffered from pubertal delay,
primary amenorrhea or secondary amenorrhea (Franca
et al., 2017).

Several heterozygous variants of NOBOX were iden-
tified in cohorts of patients presenting POI. In general,
there was no consistent correlation between genotype
and the clinical presentation: heterozygous mutations in
NOBOX were mostly reported in patients with secondary
amenorrhea although in some cases they were also identi-
fied in patients with PA with absent or incomplete puber-
tal development (Bouilly et al., 2011, 2015, 2017; Ferrari

et al., 2016). Similar NOBOX mutations were also associ-
ated with different phenotypes ranging from PA with in-
complete pubertal development to SA, suggesting variable
expressivity and a complex genetic background in which
other susceptibility genes may worsen the phenotype
leading to an earlier disease onset (Bouilly et al., 2016). So
far, four heterozygous missense NOBOX mutations were
associated with phenotypes encompassing PA and SA
(€.271G>T, ¢.349C>T, ¢.1354G>A and c.1856C>T; Table
1).

It is noteworthy that only 5 out of the 15 reported
NOBOX variants were classified as pathogenic or likely
pathogenic based on the ACGM guidelines (Richards
et al., 2015; Table 1). Although the variant in exon 10
(c.1856C>T) has been previously associated with POT at
the heterozygous state suggesting that the C terminus part
of the protein could also be involved in the transcriptional
activity of NOBOX, the c.1421del variant located in exon 8
and inherited from the mother in our family seemed insuf-
ficient to induce POI at the heterozygous state as she was
menopaused at the age of 51. This observation also sug-
gests that haploinsufficiency of NOBOX in human could
be tolerated as reported in mice models (Lechowska et al.,
2011). Two paternal grandparent's sisters as well as a ma-
ternal aunt were unable to conceive without any reported
underlying cause of infertility. However, we could not ob-
tain further information about their age at menopause.

Our findings suggest that compound heterozygosity for
the two NOBOX mutations is the cause for the severe POI
phenotype in the two sisters.

In conclusion, we identified two novel compound het-
erozygous mutations of NOBOX in two sisters with PA and
hypergonadotropic hypogonadism. Our findings enlarge
the mutational spectrum of NOBOX and expand its contri-
bution to the development of POL.

ETHICAL COMPLIANCE

The study was approved by the Ethics committee of
Erasme Hospital (study registration number: P2016/196/
CCB B406201628264). The patient and her relatives gave
their informed consent to be tested for a genetic etiology
of POL

ACKNOWLEDGEMENTS

We acknowledge grant support from Fonds Erasme for
medical research/ULB University, Brussels-Belgium and
from Ferring Pharmaceuticals. We thank the patient
and her family members for their participation, Martina
Marangoni, Mélanie Delaunoy and Francoise Wilkin for
technical assistance and interpretation of Sanger sequenc-
ing data and Xavier Peyrassol for assistance in artwork.



SASSI ET AL.

CONFLICT OF INTEREST

The authors declare that they have no known competing fi-
nancial interests or personal relationships that could have
appeared to influence the work reported in this paper.

AUTHOR CONTRIBUTION

A.S: conception and design, acquisition, analysis and
interpretation of data, drafting the article. J.D: concep-
tion and design, critical revision of the manuscript. S.D:
acquisition, analysis, interpretation of data and revi-
sion of the manuscript. J.S: analysis, interpretation of
data and revision of the manuscript. S.V: substantial
contributions to conception and design, revision of the
manuscript. ML.B: substantial contributions to concep-
tion and design, revision of the manuscript. M.A: sub-
stantial contributions to conception and design, critical
revision of the manuscript. A.D: conception and design,
acquisition of the data, analysis and interpretation of
the data, critical revising for important intellectual con-
tent. All authors gave final approval of the version to be
published.

DATA AVAILABILITY STATEMENT
The data that support this study is available upon a justi-
fied request.

ORCID

Asma Sassi (@ https://orcid.org/0000-0003-0085-7824
Sarah Duerinckx 2 https://orcid.org/0000-0003-2919-0664
Anne Delbaere (© https://orcid.org/0000-0001-7236-0687

REFERENCES

Alvaro Mercadal, B., Imbert, R., Demeestere, 1., Gervy, C., De
Leener, A., Englert, Y., Costagliola, S., & Delbaere, A. (2015).
AMH mutations with reduced in vitro bioactivity are related
to premature ovarian insufficiency. Human Reproduction, 30,
1196-1202. https://doi.org/10.1093/humrep/dev042

Bouali, N., Francou, B., Bouligand, J., Lakhal, B., Malek, I., Kammoun,
M., Warszawski, J., Mougou, S., Saad, A., & Guiochon-Mantel,
A. (2016). NOBOX is a strong autosomal candidate gene in
Tunisian patients with primary ovarian insufficiency. Clinical
Genetics, 89, 608-613. https://doi.org/10.1111/cge.12750

Bouilly, J., Bachelot, A., Broutin, I., Touraine, P., & Binart, N. (2011).
Novel NOBOX loss-of-function mutations account for 6.2 % of
cases in a large primary ovarian insufficiency cohort. Human
Mutation, 32,1108-1113. https://doi.org/10.1002/humu.21543

Bouilly, J., Beau, 1., Barraud, S., Bernard, V., Azibi, K., Fagart, J.,
Fevre, A., Todeschini, A. L., Veitia, R. A., Beldjord, C., Delemer,
B., Dodé, C., Young, J., & Binart, N. (2016). Identification of
multiple gene mutations accounts for a new genetic archi-
tecture of primary ovarian insufficiency. Journal of Clinical
Endocrinology and Metabolism, 101, 4541-4550. https://doi.
0rg/10.1210/jc.2016-2152

Bouilly, J., Beau, I., Barraud, S., Bernard, V., Delemer, B., Young,
J., & Binart, N. (2017). R-pondin2, a novel target of NOBOX:

Molecular Genetics & Genomic Medicine_wl LEYJ7_°f9

Open Access,

Identification of variants in a cohort of women with primary
ovarian insufficiency. Journal of Ovarian Research, 10(51).
https://doi.org/10.1186/s13048-017-0345-0

Bouilly, J., Roucher-Boulez, F., Gompel, A., Bry-Gauillard, H., Azibi,
K., Beldjord, C., Dodé, C., Bouligand, J., Mantel, A. G., Hécart,
A.-C., Delemer, B., Young, J., & Binart, N. (2015). New NOBOX
mutations identified in a large cohort of women with primary
ovarian insufficiency decrease KIT-L expression. Journal of
Clinical Endocrinology and Metabolism, 100, 994-1001. https://
doi.org/10.1210/jc.2014-2761

Bouilly, J., Veitia, R. A., & Binart, N. (2014). NOBOX is a key FOXL
2 partner involved in ovarian folliculogenesis. Journal of
Molecular Cell Biology, 6(2), 175-177. https://doi.org/10.1093/
jmcb/mju006

Choi, Y., & Rajkovic, A. (2016). Characterization of NOBOX DNA
binding specificity and its regulation of Gdf9 and Pou5fl pro-
moters. Journal of Biological Chemistry, 281, 35747-35756.
https://doi.org/10.1074/jbc.M604008200

Cibulskis, K., Mckenna, A., Fennell, T., Banks, E., & Depristo,
M. (2011). ContEst: Estimating cross-contamination of
human samples in next-generation sequencing data.
Bioinformatics, 27, 2601-2602. https://doi.org/10.1093/
bioinformatics/btr446

Cingolani, P., Platts, A., Wang, L. L., Coon, M., Nguyen, T., Wang,
L., Land, S. J,, Lu, X., & Ruden, D. M. (2012). A program for
annotating and predicting the effects of single nucleotide poly-
morphisms, SnpEff: SNPs in the genome of drosophila mela-
nogaster strainwl118; iso-2; iso-3. Fly, 6, 80-92. https://doi.
0rg/10.4161/fly.19695

Dutta, D., Sharma, L. K., Sharma, N., Gadpayle, A. K., Anand,
A., Gaurav, K., Gupta, A., Poondla, Y., & Kulshreshtha, B.
(2017). Occurrence, patterns & predictors of hypogonadism
in patients with HIV infection in India. Indian Journal of
Medical Research, 145, 804-814. https://doi.org/10.4103/ijmr.
IJMR_1926_15

Ebrahimi, M., & Akbari, A. F. (2015). The role of autoimmunity
in premature ovarian failure. Iranian Journal of Reproductive
Medicine, 13, 461-472.

Ferrari, 1., Bouilly, J., Beau, 1., Guizzardi, F., Ferlin, A., Pollazzon,
M., Salerno, M., Binart, N., Persani, L., & Rossetti, R. (2016).
Impaired protein stability and nuclear localization of NOBOX
variants associated with premature ovarian insufficiency.
Human Molecular Genetics, 25, 5223-5233. https://doi.
0rg/10.1093/hmg/ddw342

Franca, M. M., Funari, M. F. A, Lerario, A. M., Nishi, M. Y., Pita,
C. C., Fontenele, E. G. P., & Mendonca, B. B. (2017). A novel
homozygous 1-bp deletion in the NOBOX gene in two Brazilian
sisters with primary ovarian failure. Endocrine, 58, 442-447.
https://doi.org/10.1007/s12020-017-1459-2

Huhtaniemi, I., Hovatta, O., La Marca, A., Livera, G., Monniaux,
D., Persani, L., Heddar, A., Jarzabek, K., Laisk-podar, T.,
Salumets, A., Tapanainen, J. S., Veitia, R. A., Visser, J. A.,
Wieacker, P., Wolczynski, S., & Misrahi, M. (2018). Advances
in the molecular pathophysiology, genetics, and treatment
of primary ovarian insufficiency. Trends in Endocrinology
and Metabolism, 29, 400-419. https://doi.org/10.1016/].
tem.2018.03.010

Hyon, C., Mansour-Hendili, L., Chantot-Bastaraud, S., Donadille,
B., Kerlan, V., Dodé, C., Jonard, S., Delemer, B., Gompel,
A., ReznikY, T. P., Siffroi, J. P., & Christin-Maitre, S. (2016).


https://orcid.org/0000-0003-0085-7824
https://orcid.org/0000-0003-0085-7824
https://orcid.org/0000-0003-2919-0664
https://orcid.org/0000-0003-2919-0664
https://orcid.org/0000-0001-7236-0687
https://orcid.org/0000-0001-7236-0687
https://doi.org/10.1093/humrep/dev042
https://doi.org/10.1111/cge.12750
https://doi.org/10.1002/humu.21543
https://doi.org/10.1210/jc.2016-2152
https://doi.org/10.1210/jc.2016-2152
https://doi.org/10.1186/s13048-017-0345-0
https://doi.org/10.1210/jc.2014-2761
https://doi.org/10.1210/jc.2014-2761
https://doi.org/10.1093/jmcb/mju006
https://doi.org/10.1093/jmcb/mju006
https://doi.org/10.1074/jbc.M604008200
https://doi.org/10.1093/bioinformatics/btr446
https://doi.org/10.1093/bioinformatics/btr446
https://doi.org/10.4161/fly.19695
https://doi.org/10.4161/fly.19695
https://doi.org/10.4103/ijmr.IJMR_1926_15
https://doi.org/10.4103/ijmr.IJMR_1926_15
https://doi.org/10.1093/hmg/ddw342
https://doi.org/10.1093/hmg/ddw342
https://doi.org/10.1007/s12020-017-1459-2
https://doi.org/10.1016/j.tem.2018.03.010
https://doi.org/10.1016/j.tem.2018.03.010

8of9 Wl LEy_Molecular Genetics & Genomic Medicine

SASSI ET AL.

Open Access,

Deletion of CPEBI gene: A rare but recurrent cause of prema-
ture ovarian insufficiency. Journal of Clinical Endocrinology
and Metabolism, 101, 2099-2104. https://doi.org/10.1210/
jc.2016-1291

Jiao, X., Ke, H., Qin, Y., Zhang, J., Cheng, L., Liu, Y., Qin, Y., &
Chen, Z. J. (2018). Premature ovarian insufficiency: phenotypic
characterization within different etiologies. Journal of Clinical
Endocrinology and Metabolism, 102, 2281-2290. https://doi.
0rg/10.1210/jc.2016-3960

Jolly, A., Bayram, Y., Turan, S., Aycan, Z., Tos, T., Abali, Z. Y.,
Hacihamdioglu, B., Hande, Z., Akdemir, C., Hijazi, H., Bas,
S., Atay, Z., Guran, T., Abali, S., Bas, F., Darendeliler, F.,
Colombo, R., Barakat, T. S., Rinne, T., ... Muzny, D. M. (2019).
Exome sequencing of a primary ovarian insufficiency cohort
reveals common molecular etiologies for a spectrum of disease.
Journal of Clinical Endocrinology and Metabolism, 104, 3049-
3067. https://doi.org/10.1210/jc.2019-00248

Laissue, P. (2018). Molecular and cellular endocrinology the mo-
lecular complexity of primary ovarian insufficiency etiology
and the use of massively parallel sequencing. Molecular and
Cellular Endocrinology, 460, 170-180. https://doi.org/10.1016/j.
mce.2017.07.021

Lechowska, A., Bilinski, S., Choi, Y., Shin, Y., Kloc, M., & Rajkovic,
A. (2011). Premature ovarian failure in nobox-deficient mice is
caused by defects in somatic cell invasion and germ cell cyst
breakdown. Journal of Assisted Reproduction and Genetics, 28,
583-589. https://doi.org/10.1007/s10815-011-9553-5

Li, L., Wang, B., Zhang, W., Chen, B., Luo, M., Wang, J., Wang, X.,
Cao, Y., & Kee, K. (2017). A homozygous NOBOX truncating
variant causes defective transcriptional activation and leads to
primary ovarian insufficiency. Human Reproduction, 32, 248-
255. https://doi.org/10.1093/humrep/dew271

Lim, E., & Choi, Y. (2012). Transcription factors in the maintenance
and survival of primordial follicles. Clinical and Experimental
Reproductive Medicine, 39, 127-131. https://doi.org/10.5653/
cerm.2012.39.4.127

Lim, Y., Jeong, K., Ra, S., Won, H., & Lee, W. (2019). Association
between premature ovarian insufficiency, early menopause, so-
cioeconomic status in a nationally representative sample from
Korea. Maturitas, 121, 22-27. https://doi.org/10.1016/j.matur
itas.2018.12.004

Nilsson, E., Yan, W., Beck, D., Klukovich, R., Skinner, M. K., Sadler-
Riggleman, I., & Xie, Y. (2018). Environmental toxicant in-
duced epigenetic transgenerational inheritance of ovarian
pathology and granulosa cell epigenome and transcriptome al-
terations: Ancestral origins of polycystic ovarian syndrome and
primary ovarian insufiency. Epigenetics, 13, 875-895. https://
doi.org/10.1080/15592294.2018.1521223

Pelosi, E., Forabosco, A., & Schlessinger, D. (2015). Genetics of
the ovarian reserve. Frontiers in Genetics, 6, 308. https://doi.
org/10.3389/fgene.2015.00308.

Qin, Y., Choi, Y., Zhao, H., Simpson, J. L., & Chen, Z. (2007).
NOBOX Homeobox mutation causes premature ovarian fail-
ure. American Journal of Human Genetics, 81, 576-581. https://
doi.org/10.1086/519496

Qin, Y., Jiao, X., Simpson, J. L., & Chen, Z. J. (2015). Genetics of
primary ovarian insufficiency: New developments and oppor-
tunities. Human Reproduction Update, 21, 787-808. https://doi.
org/10.1093/humupd/dmv036

Rajkovic, A., Pangas, S. A., Ballow, D., Suzumori, N., & Matzuk, M.
M. (2004). NOBOX deficiency disrupts early folliculogenesis
and oocyte-specific gene expression. Science, 305, 1157-1159.
https://doi.org/10.1126/science.1099755

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster,
J., Grody, W. W., HegdeM, L. E., Spector, E., Voelkerding,
K., Rehm, H. L., & ACMG laboratory quality assurance
committee (2015). Standards and guidelines for the inter-
pretation of sequence variants: A joint consensus recom-
mendation of the American college of medical genetics
and genomics and the association for molecular pathology.
Genetics in Medicine, 17, 405-424. https://doi.org/10.1038/
gim.2015.30

Rossi, E., Verri, A. P., Patricelli, M. G, Destefani, V., Ricca, I., Vetro,
A., Ciccone, R., Giorda, R., Toniolo, D., Maraschio, P., &
Zuffardi, O. (2008). A 12 Mb deletion at 7q33-q35 associated
with autism spectrum disorders and primary amenorrhea.
European Journal of Medical Genetics, 51, 631-638. https://doi.
0rg/10.1016/j.ejmg.2008.06.010

Sassi, A., Desir, J., Janssens, V., Marangoni, M., Daneels, D., Gheldof,
A., Bonduelle, M., Van Dooren, S., Costagliola, S., & Delbaere,
A. (2020). Novel inactivating follicle-stimulating hormone
receptor (FSHR) mutations in a patient with premature ovar-
ian insufficiency identified by next generation sequencing
gene panel analysis. F&S Reports, 1(3):193-201. https://doi.
org/10.1016/j.xfre.2020.08.008

Sehested, L. T., Moller, R. S., Bache, I., Andersen, N. B., Ullmann,
R., Tommerup, N., & Tumer, Z. (2010). Deletion of 7q34-
q36 in two siblings with mental retardation, language delay,
primary amenorrhea, and dysmorphic features. American
Journal of Medical Genetics. Part A, 152,3115-3119. https://doi.
org/10.1002/ajmg.a.33476

Tiotiu, D., Alvaro Mercadal, B., Imbert, R., Verbist, J., Demeestere,
I., De Leener, A., Englert, Y., Vassart, G., Costagliola, S., &
Delbaere, A. (2010). Variants of the BMP15 gene in a co-
hort of patients with premature ovarian failure. Human
Reproduction, 25, 1581-1587. https://doi.org/10.1093/
humrep/deq073

Tucker, E. J., Dulon, J., Jaillard, S., Bell, K. M., Grover, S. R., Sadedin,
S., Hanna, C., Touraine, P., & Sinclair, A. H. (2019). TP63
truncating variants cause isolated premature ovarian insuffi-
ciency. Human Mutation, 40, 886-892. https://doi.org/10.1002/
humu.23744

Tucker, E. J., Grover, S. R., Bachelot, A., Touraine, P., & Sinclair, A.
H. (2016). Premature ovarian insufficiency: New perspectives
on genetic cause and phenotypic spectrum. Endocrine Reviews,
37, 609-635. https://doi.org/10.1210/er.2016-1047

Tucker, E. I, Grover, S. R., Robevska, G., Van Den Bergen, J., Hanna,
C., & Sinclair, A. H. (2018). Identification of variants in pleio-
tropic genes causing “isolated” premature ovarian insufficiency
: Implications for medical practice. European Society of Human
Genetics, 26, 1319-1328.

Vabre, P., Gatimel, N., Moreau, J., Gayrard, V., Picard-Hagen, N.,
Parinaud, J., & Leandri, R. D. (2017). Environmental pollut-
ants, a possible etiology for premature ovarian insufficiency:
A narrative review of animal and human data. Environmental
Health, 16, 37. https://doi.org/10.1186/s12940-017-0242-4

Vegetti, W., Grazia Tibiletti, M., Testa, G., de Lauretis Yankowski,
A.F., Castoldi, E., Taborelli, M., Motta, T., Bolis, P. F., Dalpra,


https://doi.org/10.1210/jc.2016-1291
https://doi.org/10.1210/jc.2016-1291
https://doi.org/10.1210/jc.2016-3960
https://doi.org/10.1210/jc.2016-3960
https://doi.org/10.1210/jc.2019-00248
https://doi.org/10.1016/j.mce.2017.07.021
https://doi.org/10.1016/j.mce.2017.07.021
https://doi.org/10.1007/s10815-011-9553-5
https://doi.org/10.1093/humrep/dew271
https://doi.org/10.5653/cerm.2012.39.4.127
https://doi.org/10.5653/cerm.2012.39.4.127
https://doi.org/10.1016/j.maturitas.2018.12.004
https://doi.org/10.1016/j.maturitas.2018.12.004
https://doi.org/10.1080/15592294.2018.1521223
https://doi.org/10.1080/15592294.2018.1521223
https://doi.org/10.3389/fgene.2015.00308
https://doi.org/10.3389/fgene.2015.00308
https://doi.org/10.1086/519496
https://doi.org/10.1086/519496
https://doi.org/10.1093/humupd/dmv036
https://doi.org/10.1093/humupd/dmv036
https://doi.org/10.1126/science.1099755
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1016/j.ejmg.2008.06.010
https://doi.org/10.1016/j.ejmg.2008.06.010
https://doi.org/10.1016/j.xfre.2020.08.008
https://doi.org/10.1016/j.xfre.2020.08.008
https://doi.org/10.1002/ajmg.a.33476
https://doi.org/10.1002/ajmg.a.33476
https://doi.org/10.1093/humrep/deq073
https://doi.org/10.1093/humrep/deq073
https://doi.org/10.1002/humu.23744
https://doi.org/10.1002/humu.23744
https://doi.org/10.1210/er.2016-1047
https://doi.org/10.1186/s12940-017-0242-4

SASSI ET AL.

Molecular Genetics & Genomic Medicine_wl LEYJg_Ofg

L., & Crosignani, P. G. (1998). Inheritance in idiopathic
premature ovarian failure: Analysis of 71 cases. Human
Reproduction, 13, 1796-1800. https://doi.org/10.1093/
humrep/13.7.1796

Webber, L., Davies, M., Anderson, R., Bartlett, J., Braat, D.,

Cartwright, B., Cifkova, R., de Muinck, K.-S., Hogervorst,
E., Janse, F., Liao, L., Vlaisavljevic, V., Zillikens, C., &
Vermeulen, N. (2016). ESHRE Guideline: Management
of women with premature ovarian insufficiency. Human
Reproduction, 31, 926-937. https://doi.org/10.1093/humre
p/dew027

Open Access,

How to cite this article: Sassi, A., Désir, J.,
Duerinckx, S., Soblet, J., Van Dooren, S., Bonduelle,
M., Abramowicz, M., & Delbaere, A. (2021).
Compound heterozygous null mutations of NOBOX
in sisters with delayed puberty and primary
amenorrhea. Molecular Genetics & Genomic Medicine,
9, e1776. https://doi.org/10.1002/mge3.1776



https://doi.org/10.1093/humrep/13.7.1796
https://doi.org/10.1093/humrep/13.7.1796
https://doi.org/10.1093/humrep/dew027
https://doi.org/10.1093/humrep/dew027
https://doi.org/10.1002/mgg3.1776

